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ABSTRACT

An ability to sense and respond to changes in extracellular phosphate is critical for the survival of most bacteria. For Caulobacter

crescentus, which typically lives in phosphate-limited environments, this process is especially crucial. Like many bacteria, Caulo-

bacter responds to phosphate limitation through a conserved two-component signaling pathway called PhoR-PhoB, but the di-

rect regulon of PhoB in this organism is unknown. Here we used chromatin immunoprecipitation-DNA sequencing (ChIP-Seq)

to map the global binding patterns of the phosphate-responsive transcriptional regulator PhoB under phosphate-limited and

-replete conditions. Combined with genome-wide expression profiling, our work demonstrates that PhoB is induced to regulate

nearly 50 genes under phosphate-starved conditions. The PhoB regulon is comprised primarily of genes known or predicted to

help Caulobacter scavenge for and import inorganic phosphate, including 15 different membrane transporters. We also investi-

gated the regulatory role of PhoU, a widely conserved protein proposed to coordinate phosphate import with expression of the

PhoB regulon by directly modulating the histidine kinase PhoR. However, our studies show that it likely does not play such a

role in Caulobacter, as PhoU depletion has no significant effect on PhoB-dependent gene expression. Instead, cells lacking PhoU

exhibit striking accumulation of large polyphosphate granules, suggesting that PhoU participates in controlling intracellular

phosphate metabolism.

IMPORTANCE

The transcription factor PhoB is widely conserved throughout the bacterial kingdom, where it helps organisms respond to phos-

phate limitation by driving the expression of a battery of genes. Most of what is known about PhoB and its target genes is derived

from studies of Escherichia coli. Our work documents the PhoB regulon in Caulobacter crescentus, and comparison to the regu-

lon in E. coli reveals significant differences, highlighting the evolutionary plasticity of transcriptional responses driven by highly

conserved transcription factors. We also demonstrated that the conserved protein PhoU, which is implicated in bacterial persis-

tence, does not regulate PhoB activity, as previously suggested. Instead, our results favor a model in which PhoU affects intracel-

lular phosphate accumulation, possibly through the high-affinity phosphate transporter.

Most bacteria must sense and rapidly respond to the nutrient
states of their environments to survive and to proliferate.

Although this capacity for adapting to extracellular changes is crit-
ical, the molecular mechanisms by which it occurs remain incom-
pletely understood. Sensing the availability of extracellular phos-
phate is particularly crucial, as phosphate is required for the
synthesis of many biomolecules, from ATP to phospholipids.
Prior studies have demonstrated that phosphate sensing is impor-
tant for maximal growth of bacteria (1), biofilm formation (2),
and the virulence of some pathogens (3–6).

Most bacteria respond to phosphate limitation through a widely
conserved signal transduction pathway whose connectivity and
functionality remain only partly characterized (1). In this path-
way, the availability of phosphate is likely sensed through changes
in phosphate uptake by the high-affinity Pst transporter in con-
junction with a two-component signaling pathway, PhoR-PhoB,
collectively known as the Pho system. In Escherichia coli, the Pst
transporter is active during growth under phosphate-replete con-
ditions, which somehow inhibits autophosphorylation of the his-
tidine kinase PhoR. When phosphate becomes limiting and flux
through the Pst transporter is reduced, PhoR is stimulated to au-
tophosphorylate and then transfer its phosphoryl group to PhoB.
Phosphorylated PhoB undergoes a conformational change and
dimerizes along its �4-�5-�5 interface (7), allowing it to then

bind conserved DNA sequences called pho boxes in certain pro-
moters, typically leading to increased transcription of target genes
(8), many of which help cells cope with the decreased extracellular
phosphate levels that initiated the pathway. X-ray crystallography
and mutational studies indicate that PhoB binds to region 4 of �70,
stabilizing its association with the �35 region of target promoters
(9, 10).

In E. coli, the expression of more than 40 genes, including the
pst and pho genes themselves, changes following phosphate star-
vation (11). These genes were identified through a combination of
reporter studies and DNA microarray analyses, but which genes
are direct targets of PhoB is unclear (12, 13). More recently, a
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study of PhoB using chromatin immunoprecipitation with mi-
croarray technology (ChIP-chip) identified some putative direct
targets but did not examine PhoB binding under high-phosphate
conditions (11–13). The conservation of the Pho regulon is also
unknown, as there have not yet been efforts to accurately define
the entire set of genes directly regulated by PhoB in organisms
other than E. coli.

Two-component systems are a predominant means by which
bacteria sense and respond to external stimuli (14, 15). Although
many histidine kinases bind extracellular ligands, others lack large
extracellular domains and may instead respond to intracellular
signals (1, 16). The conserved Gram-negative histidine kinase
PhoR resides in the inner membrane but does not contain a sig-
nificant periplasmic domain. PhoR has been suggested to sense
the extracellular phosphate status through an interaction with the
Pst transporter, which also resides in the inner membrane, but the
precise mechanism by which the Pst system regulates PhoR is
unclear. A protein of unknown function, PhoU, was proposed as
an intermediate between the Pst and Pho systems, inhibiting PhoR
when the Pst system actively transports phosphate (17, 18). phoU

is widely conserved in bacteria and frequently coregulated with
the pst and pho genes (17, 18). In E. coli, the expression of alkaline
phosphatase and some other members of the Pho regulon are
upregulated in phoU mutants (19, 20), which indicates that PhoU
may function as a negative regulator of the Pho regulon. However,
the effects of a phoU mutant on expression of the Pho regulon are
poorly defined, and earlier studies suggested that PhoU may in-
stead affect phosphate transport (21, 22), leaving the precise func-
tion of PhoU uncertain.

Although many bacteria use the Pst-Pho signaling pathway to
respond to phosphate limitation, they likely adapt to changes in
phosphate levels in different ways. For example, in the freshwater
alphaproteobacterium Caulobacter crescentus, low extracellular
phosphate stimulates elongation of a polar appendage called the
stalk, which is a tubular extension of the cell envelope. Phosphate
starvation can lead cells to extend their stalks to up to 20 times
their lengths under phosphate-replete conditions (23, 24). It was
initially suggested that stalk elongation may increase the nutrient-
scavenging ability of phosphate-starved Caulobacter cells, but sub-
sequent studies found that a diffusion barrier may exist between
the stalk and the cell body, potentially preventing the free ex-
change of membrane and periplasmic proteins (25).

Here we use a combination of genome-wide expression profil-
ing, bioinformatics, and chromatin immunoprecipitation-DNA
sequencing (ChIP-Seq) to identify the direct targets of Caulobac-

ter PhoB. The Caulobacter PhoB regulon includes nearly 50 genes,
with relatively few genes in common with the E. coli PhoB regulon
beyond the pst and pho genes. Active Caulobacter PhoB drives
substantial changes in the repertoire of membrane transporters
expressed, presumably to help cells effectively scavenge for inor-
ganic phosphate. Our results demonstrate how a highly conserved
signaling pathway can be used for vastly different programs of
gene expression in different bacteria, highlighting the plasticity of
bacterial regulatory networks. Further, we show that the con-
served protein PhoU does not, as previously suggested from stud-
ies of E. coli, negatively regulate the PhoR-PhoB signaling pathway
in Caulobacter and instead is a critical player in cellular phosphate
metabolism or phosphate transport by the Pst system.

MATERIALS AND METHODS

Strains and growth conditions. C. crescentus strains were grown in pep-
tone-yeast extract (PYE) (rich medium), M2G (minimal medium), or
M5G (low-phosphate medium), supplemented when necessary with
oxytetracycline (1 �g/ml), kanamycin (25 �g/ml), or gentamicin (0.6
�g/ml). Cultures were grown at 30°C, unless otherwise noted, and diluted
when necessary to maintain exponential growth. E. coli cultures used for
cloning were grown at 37°C in Superbroth, supplemented when necessary
with oxytetracycline (12 �g/ml), kanamycin (50 �g/ml), or gentamicin
(15 �g/ml).

The phoU depletion strain was constructed by first integrating a copy
of phoU at the vanillate locus using plasmid pVGFPN-4 (26), with the
phoU open reading frame cloned into the NdeI and XbaI sites, which
removes the green fluorescent protein (GFP) coding region from the plas-
mid. We subsequently deleted phoU from the pstC-pstA-pstB-phoU-phoB
operon using allelic replacement, as described previously (27). The result-
ing strain contains phoU at the van locus and a markerless deletion of
phoU in the pstC operon, in which the entire coding region of phoU is
removed, except for the first and final 9 bases.

lacZ reporter plasmids were derived from pRKlac290 (28). pRKlac290
was digested with KpnI and XbaI, and a DNA fragment containing the 200
bp directly upstream of either the pstC or the pstS annotated translation
start site, with flanking KpnI and XbaI cut sites, was cloned into the mul-
tiple-cloning site upstream of the lacZ open reading frame.

The pstS::Tn5 strain was obtained from Yves Brun (23) and trans-
duced into a clean CB15N background. Lysate from this strain was also
used to construct the pstS::Tn5 phoB-3�FLAG and pstS::Tn5 Pvan-phoU
�phoU strains. The �phoR::tet strain was constructed previously (27). The
�phoR Pvan-phoU �phoU double mutant was constructed by transduc-
tion of the �phoR allele into the phoU depletion strain.

Microscopy. Cells in mid-exponential phase were fixed with 0.5%
paraformaldehyde, mounted on M2G-1.5% agarose pads, and imaged as
described in reference 29. To image polyphosphate granules in single cells,
12 �g/ml 4=,6-diamidino-2-phenylindole (DAPI) was added directly to
the culture medium. Culture plus DAPI was incubated at 22°C in the dark
for 30 min and spotted on M2G-1% agarose pads. Fluorescence micros-
copy images of DAPI-stained polyphosphate granules in cells were col-
lected at a �630 magnification with a Leica CTR5000 microscope with a
Hamamatsu ORCA-ER camera. A custom filter set (390/70-nm excitation
filter, 488-nm dichroic filter, and 515-nm long-pass emission filter) was
used to visualize DAPI-polyphosphate.

�-Galactosidase assays. Strains were grown to the mid-exponential
phase in medium supplemented with 1 �g/ml oxytetracycline. Assays
were performed essentially as described previously (30).

Immunoblots. Immunoblotting was performed as described previ-
ously (31). Samples were prepared in 20 �l of 1:4 sample buffer-distilled
water to an optical density at 600 nm (OD600) of 0.2, resolved on 12%
sodium dodecyl sulfate-polyacrylamide gels, and transferred to polyvi-
nylidene difluoride transfer membranes (Pierce). Membranes were
probed with monoclonal mouse anti-FLAG (Sigma) at a 1:1,500 dilu-
tion. Secondary horseradish peroxidase (HRP)-conjugated anti-
mouse antibody (Pierce) was used at a 1:3,000 dilution.

ChIP-Seq and analysis. Chromatin immunoprecipitation for ChIP-
Seq was performed as described previously (32), with modifications. Mid-
exponential-phase cultures were cross-linked in 10 mM sodium phos-
phate (pH 7.6) and 1% formaldehyde at room temperature for 10 min.
Reactions were quenched with 0.1 M glycine at room temperature for 5
min and on ice for 15 min. Cells were washed three times in phosphate-
buffered saline (PBS) and lysed with Ready-Lyse lysozyme solution (Epi-
centre, Madison, WI) according to the manufacturer’s instructions. Ly-
sates were diluted 1:1 in ChIP buffer (1.1% Triton X-100, 1.2 mM EDTA,
16.7 mM Tris-HCl [pH 8.1], 167 mM NaCl) with Roche protease inhibi-
tor tablets (Roche) and incubated at 37°C for 10 min. Lysates were soni-
cated (Branson sonicator) on ice, with 6 bursts of 10 s each at 15% ampli-
tude, and then cleared by centrifugation at 14,000 rpm for 5 min at 4°C.
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Cleared supernatants were normalized by protein content in 1 ml of ChIP
buffer with 0.01% SDS and precleared with 50 �l of protein A Dynabeads
(Invitrogen) (preblocked with 100 �g UltraPure bovine serum albumin
[BSA] in ChIP buffer with 0.01% SDS) by rotation for 1 h at 4°C.

Ten percent of each supernatant was removed and used as the total
chromatin input sample. The remaining supernatant was incubated with
a 1:1,000 dilution of anti-M2 antibody overnight at 4°C. Each sample was
then incubated with 50 �l of preblocked protein A Dynabeads for 6 h at
4°C, with rotation. The Dynabeads were washed consecutively at 4°C for
15 min with 1 ml of the following buffers: low-salt wash buffer (0.1% SDS,
1% Triton X-100, 2 mM EDTA, 20 mM Tris-HCl [pH 8.1], 150 mM
NaCl), high-salt wash buffer (0.1% SDS, 1% Triton X-100, 2 mM EDTA,
20 mM Tris-HCl [pH 8.1], 500 mM NaCl), LiCl wash buffer (0.25 M LiCl,
1% Nonidet P-40, 1% deoxycholate, 1 mM EDTA, 10 mM Tris-HCl [pH
8.1]), and Tris-EDTA (TE) buffer (10 mM Tris-HCl [pH 8.1], 1 mM
EDTA) (twice). Complexes were eluted twice by incubation with 250
�l freshly prepared elution buffer (1% SDS, 0.1 M NaHCO3) at 30°C
for 15 min.

Cross-links were reversed by the addition of 300 mM NaCl and 2 �l of
0.5 mg/ml RNase A and overnight incubation at 65°C. Samples were
treated with 5 �l of proteinase K (20 mg/ml; NEB) in 40 mM EDTA and 40
mM Tris-HCl (pH 6.8) for 2 h at 45°C. DNA was extracted using a PCR
purification kit (Qiagen) and was resuspended in 80 �l of water.

Libraries were prepared using the SPRIworks system and sequenced
on an Illumina MiSeq sequencer (MIT BioMicroCenter). ChIP-Seq re-
sults were analyzed using the MACS software package (33). A total of
860,000 reads were analyzed for each sample, and peaks were called with a
P value of 	10�5.

To determine the amount by which a ChIP sample was enriched for
individual loci, we performed quantitative PCR (qPCR) with an input
DNA control for each sample; a portion of each sample was reserved
before the sample was subjected to ChIP, and DNA was isolated from this
input sample and analyzed by qPCR at the pstC and CC1294 loci. Fold
enrichment was then calculated as the amount of the pstC or CC1294 locus
found in a ChIP output sample, relative to the amount found in the input
sample.

DNA microarrays. RNA was collected from cultures grown to the
mid-exponential phase in rich medium at 30°C. For the pstS mutant, RNA
from the wild type was used as a reference. For the phoU depletion strain
and the pstS and phoU depletion double mutant, the strains grown in the
absence of vanillate were compared with the same strains grown in the
presence of vanillate. Gene expression profiles were obtained as described
previously (29), using custom 8�15K Agilent expression arrays, and ex-
pression values are given as the average of ratios for a given gene. Com-
plete data sets for expression profiling and ChIP-Seq are provided in
Tables S1 and S2 in the supplemental material and are available
through GEO.

CFU. Strains were grown overnight in PYE with vanillate and then
washed and released into medium with or without vanillate. Cultures
were subsequently grown for 30 h and diluted once every two generations
to maintain mid-exponential growth. Samples were removed every 3 h
and plated on PYE with vanillate. Colonies were counted after 2 days of
growth for all strains except those with a pstS mutation, which have a
growth defect and were counted after 3 days of growth.

Transposon mutagenesis and rescue cloning. Electrocompetent
Pvan-phoU �phoU cells (50 �l) were transformed with 0.5 �l of EZ-Tn5
transposon mixture (EZ-Tn5 
R6Kyori/KAN-2� insertion kit; Epicentre)
and grown in 1 ml of PYE for 1.5 h at 30°C. Cells were then plated on PYE
supplemented with kanamycin. Colonies were picked after 2, 3, and 4 days
of growth at 30°C.

Colonies were restruck onto fresh plates with PYE plus kanamycin,
and chromosomal DNA subsequently prepared from single colonies was
cultured in PYE with kanamycin. DNA was digested with BfuCI for 2 min
at room temperature and 20 min at 80°C, to yield approximately 5-kb
fragments. Sheared DNA was ligated with T4 DNA ligase, and the reaction

mixture was dialyzed for 1 h using 0.45-�m nitrocellulose filters (Milli-
pore). From each dialyzed ligation reaction mixture, 1.5 �l was electro-
porated into 25 �l of pir-116 cells and plated on LB medium supple-
mented with kanamycin. DNA was extracted from the resulting colonies
and sequenced using KAN-2 FP-1 and R6KAN-2 RP-1 primers (Epicen-
tre).

RESULTS

Epitope-tagged PhoB retains wild-type function. To map the
PhoB regulon in Caulobacter, we sought to perform ChIP-Seq on
PhoB. To this end, we constructed a strain in which the chromo-
somal copy of phoB encodes a 20-amino-acid linker and a C-ter-
minal 3�FLAG epitope tag (phoB-3�FLAG). To test whether this
version of phoB supports wild-type-like growth under both phos-
phate-replete and phosphate-starved conditions, we grew the
phoB-3�FLAG strain in minimal medium with 10 mM phosphate
(M2G) and then washed and resuspended the cells in minimal
medium with either 10 mM phosphate (M2G) or 50 �M phos-
phate (M5G), with the latter representing phosphate-limited con-
ditions. The growth of the phoB-3�FLAG strain was indistin-
guishable from that of the wild type under both conditions, in
contrast to the growth of a phoB deletion strain, which grew poorly
under both conditions (Fig. 1A).

We also tested whether PhoB-3�FLAG regulated PhoB-de-
pendent genes in a manner comparable to that of the untagged
PhoB. We constructed lacZ transcriptional fusions with the pstC
and pstS promoters in Caulobacter and then assessed the ability of
phoB-3�FLAG to induce the expression of each reporter follow-
ing phosphate limitation. Cells were shifted from M2G to M5G, or
mock shifted and retained in M2G, and were grown for 7 h to
mid-exponential phase before �-galactosidase activity was mea-
sured. In M2G, the activity of each reporter was �2,000 Miller
units in both the phoB-3�FLAG and wild-type strains. In M5G,
�-galactosidase activity was induced to �10,000 Miller units for
the PpstC reporter in both the wild-type and phoB-3�FLAG strains
and to �8,000 Miller units for the PpstS reporter in both strains.
These results indicate that FLAG-tagged PhoB functions as well as
untagged PhoB to induce the expression of PhoB-dependent
genes. As a control, we confirmed that in a phoB deletion strain,
both reporters exhibited less than 2,000 Miller units of activity,
consistent with these promoters being PhoB dependent (Fig. 1B).

Finally, we assessed the activity of PhoB-3�FLAG in a strain
that constitutively activates the Pho system. Null mutations of
pstS, which encodes the periplasmic phosphate-binding protein,
block phosphate import and result in hyperactivation of the Pho
regulon in Caulobacter, including stalk elongation, even during
growth under phosphate-replete conditions (23). We found that
in a pstS::Tn5 background, cells producing PhoB-3�FLAG also
exhibited extensive stalk elongation (Fig. 1C), further supporting
our conclusion that the epitope-tagged version of PhoB binds and
regulates the same set of target genes as wild-type PhoB.

ChIP-Seq reveals genome-wide binding patterns of PhoB.
We performed ChIP-Seq analysis using an anti-FLAG antibody
with cells expressing phoB-3�FLAG grown to mid-exponential
phase in (i) peptone-yeast extract (PYE), a complex rich medium
in which PhoB should be predominantly unphosphorylated and
inactive, (ii) minimal defined medium containing 50 �M phos-
phate (M5G), in which PhoB is phosphorylated and active, as
judged by the PhoB-dependent reporters for PpstC and PpstS (Fig.
1B), and (iii) PYE with cells also harboring a disruption of pstS,
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leading to high constitutive activation of PhoB. In each case,
PhoB-bound DNA was immunoprecipitated using an anti-FLAG
antibody. As controls, we performed ChIP-Seq using the same
anti-FLAG antibody on strains grown under identical conditions
but producing untagged wild-type PhoB.

We first used qPCR to verify that the ChIP samples for strains
producing tagged PhoB were enriched for a chromosomal region
(the pstC promoter) strongly predicted to be PhoB bound, based
on E. coli studies and the expression analyses presented below. As
a control locus, we examined the promoter of gene CC_1294
(PCC1294), whose expression is not PhoB regulated. For all three
growth conditions involving cells producing PhoB-3�FLAG, the
pstC locus was 20-fold enriched by ChIP relative to the input
DNA (Fig. 2A), in contrast to what occurred with cells producing
wild-type PhoB, for which all enrichment ratios were 	2.5-fold.
As expected, PCC1294 was not significantly enriched in any of the
samples (Fig. 2A).

We then constructed and deep sequenced libraries from the
ChIP samples taken from cells producing epitope-tagged PhoB
and grown in a rich medium or phosphate-limited medium or
cells with an additional pstS::Tn5 mutation grown in rich me-
dium; control ChIP samples were taken from strains treated iden-
tically but harboring the wild-type copy of phoB. Equal numbers
of reads (860,000 reads) were analyzed from each sample, using
the peak-calling software MACS (33), and peaks for which the P
values were 	10�5 were identified.

Consistent with our qPCR data, the genome-wide PhoB bind-
ing profiles (Fig. 2B and C) indicated that in most cases, PhoB
binding was induced by phosphate limitation. Only 5 significant
peaks were identified in the rich medium sample, while 102 sig-
nificant peaks were found in the 50 �M phosphate sample and 204
were identified in the pstS::Tn5 sample, consistent with PhoB be-
ing hyperactivated in this genetic background (Fig. 3A; also see
Table S1 in the supplemental material).
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(A) Growth curves of the strains indicated, in minimal medium with 10 mM or 50 �M phosphate. (B) �-Galactosidase assays for a PpstC-lacZ (left) and PpstS-lacZ
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Phase-contrast microscopy of the indicated strains expressing wild-type phoB. Bars, 2 �m.
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Fold enrichment for individual loci in the ChIP-Seq data was
determined by comparing the number of reads at a particular peak
in the epitope-tagged experimental sample with the number of
reads at the same locus in the non-epitope-tagged control sample.
At most loci, the observed fold enrichment was greater in the pstS
mutant sample than in the low-phosphate sample (Fig. 3B; also see
Table S1 in the supplemental material); this may indicate that a

pstS mutation leads to greater activation of PhoB than does low-
phosphate growth medium. Alternatively, the difference may re-
flect differences in the abundances of other transcription factors,
as the pstS cells were grown in rich medium while the phosphate-
starved cells were grown in minimal medium. In total, 92 peaks
identified in the pstS sample were also identified in the 50 �M
phosphate sample (Fig. 3A). The overlap in the peaks identified
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PhoB-3�FLAG or wild-type PhoB and were grown in PYE or minimal medium with 50 �M phosphate; a pstS::Tn5 mutation on the chromosome is indicated
when appropriate. Plots are scaled to the maximum read count for each locus. (C) Full-genome ChIP-Seq profiles for the same strains and growth conditions
indicated in panel B. Samples from strains producing PhoB-3�FLAG are represented in red; samples from control strains expressing wild-type PhoB are
represented in black below the x axes. The positions of genes from panel B are indicated.
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for these two independent samples, in which PhoB is activated
under different nutrient conditions, supports the notion that
these peaks represent direct PhoB binding sites and suggests that
PhoB regulates the same core set of genes at different levels of
phosphate limitation. Finally, we noted that the vast majority of
PhoB ChIP-Seq peaks were found in intergenic regions (see Table
S1). Only 4 of the 50 highest peaks were contained within an
annotated coding region. This pattern is consistent with a model
in which PhoB activates transcription primarily by binding near
the �35 region of promoters, outside coding regions (8).

Identification of the PhoB regulon. To delineate high-confi-

dence members of the PhoB regulon, we used whole-genome
DNA microarrays to identify genes whose expression depends on
PhoB. We harvested RNA from strains harboring either the pstS::
Tn5 mutation alone or the pstS::Tn5 mutation in a �phoB back-
ground, with each strain being grown to mid-exponential phase in
rich medium. RNAs from these strains were compared on mi-
croarrays with RNA obtained from wild-type Caulobacter grown
under the same conditions. To identify PhoB-regulated genes, we
selected genes that (i) had expression levels that changed at least
1.7-fold in the pstS mutant relative to the wild type but did not
change in the pstS::Tn5 �phoB double mutant relative to the wild
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type and (ii) had promoters that were enriched �5-fold over
background in the PhoB ChIP-Seq analysis of pstS::Tn5 cells. A
threshold of 5-fold was chosen because promoters showing en-
richment above this level in the pstS::Tn5 cells also typically
showed high enrichment in the M5G ChIP sample. In total, 43
genes fit these criteria, with 32 genes in 22 putative transcriptional
units being activated by PhoB and 11 genes being repressed by
PhoB (Fig. 3B). There were an additional 91 genes whose expres-
sion changed at least 2-fold in the pstS::Tn5 mutant but that did
not have peaks indicating �5-fold enrichment in the PhoB ChIP-
Seq data, although some had 2-fold enrichment (see Table S2 in
the supplemental material). These genes are likely indirectly reg-
ulated by PhoB. Conversely, there were 39 genes that had PhoB
ChIP-Seq peaks indicating 5-fold enrichment but that did not
change significantly in terms of gene expression. Some of these
genes may be directly regulated by PhoB, but either a change in
gene expression was not detected by DNA microarray analysis or
expression of these genes may change only transiently upon phos-
phate starvation. Finally, we note that there were 122 genes with
ChIP-Seq peaks indicating enrichment of 2-fold; some of these
genes may also be bona fide PhoB targets.

We used the motif-finding program MEME (34) to identify a
consensus PhoB binding site using the sequences of the 24 ChIP-
Seq peaks that were 13-fold enriched in the pstS mutant. The
resulting motif contains two 6-bp sites that appear to be direct
repeats flanking an AT-rich region (Fig. 3C). Although similar to
the PhoB consensus site predicted for E. coli (11), this Caulobacter
site is 1 base pair shorter and has a higher GC content, with the
latter possibly reflecting the higher GC content of the Caulobacter
genome. In E. coli, the central AT-rich region was proposed to be
a modified �35 binding site (11). The putative Caulobacter PhoB
binding motif, or Pho box, identified here was used to predict
PhoB binding sites across the Caulobacter genome using MAST
(34). This analysis identified putative Pho boxes within 37 of the
50 most enriched ChIP-Seq peaks (see Table S1 in the supplemen-
tal material).

The list of 43 genes in Fig. 3B represents high-confidence mem-
bers of the PhoB regulon and includes several known and expected
target genes, such as the Pst transporter genes (pstCAB and pstS),
phoU, and phoB itself. The PhoB regulon indicates that Caulobac-
ter cells respond to phosphate limitation through major changes
in the expression of membrane transport systems, likely to sup-
port the scavenging of inorganic phosphate from the extracellular
environment while preventing unwanted efflux. In addition to
upregulating the high-affinity Pst transporter, PhoB activates the
expression of the phosphonate transport system PhnCDE, 6 genes
annotated as TonB-dependent receptors, and the TonB accessory
proteins ExbB and ExbD. The set of PhoB targets also includes
genes that help to generate sources of inorganic phosphate, such as
a secreted alkaline phosphatase, an exported lipoprotein, called
ElpS, that may stimulate alkaline phosphatase activity (35), and
another putative secreted phosphatase, PhoX. The set of genes
downregulated by PhoB includes 4 TonB-dependent receptors.
Whether (and how) the repression of these transporters helps cells
cope with phosphate limitation is unclear, but the changes in their
expression underscore the notion that Caulobacter cells respond
to phosphate starvation by remodeling membrane transport ca-
pabilities.

PhoU is not a negative regulator of the Pho regulon in Cau-
lobacter. The activation of PhoB as a transcription factor depends

on the histidine kinase PhoR, which somehow senses changes in
flux through the phosphate transporter PstABC. Whether this
sensing is direct is unknown. A highly conserved protein called
PhoU, which often is encoded in the same operon as the pst genes,
has been suggested to couple PhoR with the Pst transporter. Spe-
cifically, PhoU was suggested to repress PhoR activity under phos-
phate-replete conditions when the transporter is active, implying
that PhoU is a negative regulator of the Pho regulon (1).

To test this hypothesis in Caulobacter, we constructed a strain
in which phoU was deleted from its native locus but inserted at the
van locus under the control of the Pvan promoter, permitting in-
ducible expression of phoU by vanillate. This phoU depletion
strain was cultured overnight in rich medium supplemented with
vanillate, and cells were then shifted to medium without vanillate
and diluted as needed to maintain exponential growth. Upon the
removal of vanillate, the depletion of PhoU did not result in stalk
hyperelongation, as would be expected upon loss of a negative
regulator of the Pho regulon and as occurs in pstS mutants (Fig.
1C). Instead, the loss of PhoU led to enlarged and slightly filamen-
tous cells after 8 h of depletion and modest chromosome accumu-
lation after 16 h of depletion (Fig. 4A).

Also in contrast to a pstS mutant, we found that the depletion
of phoU was lethal. To measure viability, the phoU depletion strain
was shifted to medium without vanillate and diluted approxi-
mately every two generations to maintain growth in mid-expo-
nential phase. Samples were taken at 3-h intervals to measure
CFU, normalized at each time point to the number of CFU per ml
of culture at an OD600 of 1. We observed a 3-log decrease in CFU
after 30 h of depletion (Fig. 4B). In contrast, when wild-type or
pstS::Tn5 cells were treated in the same manner, we observed no
loss in viability. Finally, we note that we were unable to delete the
native copy of phoU unless another copy of phoU was present at
the vanillate locus (data not shown). Collectively, these pheno-
typic analyses suggest that PhoU likely does not negatively regu-
late the Pho regulon in Caulobacter.

To directly assess whether PhoU influences the Pho regulon,
we examined global patterns of gene expression in the phoU de-
pletion strain. A culture was grown in the presence of vanillate and
then shifted to medium with or without vanillate. Samples were
removed at 2, 5, 7, and 16 h postshift, and RNAs from the two
conditions were directly compared on DNA microarrays. Al-
though we did not have an antibody for monitoring PhoU levels,
we note that the viability of the phoU depletion strain began to
decrease �10 h postshift, suggesting that PhoU levels had dropped
significantly by that point. Moreover, even if PhoU were lost only
through dilution, it would be present at 	6% or 	0.1% of the
initial levels after 7 or 16 h of depletion, respectively, given that
the phoU depletion strain accumulates (the optical density in-
creases) at a rate comparable to that of the nondepleted control
for up to 14 h.

The vast majority of genes upregulated 2-fold or more in a
pstS mutant were not upregulated after phoU was depleted (Fig.
5A; also see Table S2 in the supplemental material). Expression
of the pstCAB genes (but not pstS) was increased �2.6-fold 7 h
after the shift, although this change was substantially less than
that observed in the pstS mutant. After 16 h of PhoU depletion,
some Pho regulon genes were upregulated (Fig. 5A); however,
much greater changes in expression were observed for a mul-
titude of other stress response genes at this time point (Fig. 5B;
also see Table S2). Additionally, by the 16-h time point, an
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approximately 2-log decrease in viability was observed (Fig.
4B), suggesting that expression changes at this time point
might have resulted nonspecifically from cell death. In support
of the latter idea, we also examined gene expression changes in
a phoU depletion strain harboring a suppressor mutation (see
below), such that cells remain viable throughout a PhoU de-
pletion time course. In that case, we did not observe any sig-
nificant changes in the Pho regulon genes or in other genes that
change following PhoU depletion, even after 16 h (Fig. 5C; also
see Table S2); however, it is possible that for the Pho regulon,
the genes are already maximally induced in the suppressor
strain and thus cannot be further induced.

We also assayed the effects of depleting PhoU by using lacZ
reporters for the pstC and pstS promoters, which are PhoB regu-
lated (Fig. 1B and 3B). We again shifted the phoU depletion strain
to noninducing conditions, and we observed a modest increase in
the activity of the PpstC reporter but not the PpstS reporter after 7 h
or more (Fig. 5D). In both cases, substantially higher activity was
seen in the pstS mutant. Taken together, our data indicate that a
loss of phoU does not induce the same expression patterns as seen
in a pstS mutant in which the Pho regulon is upregulated. These
data support the conclusion that PhoU does not function as a
negative regulator of the Pho regulon in Caulobacter.

Mutations in both the Pst and Pho systems suppress a phoU
mutant. To further probe the function of PhoU, we isolated mu-
tations that restore viability to a strain depleted of PhoU. We
performed transposon mutagenesis of the Pvan-phoU depletion
strain using kanamycin-marked Tn5. We plated transposon-mu-
tagenized cells on rich medium with kanamycin and without va-
nillate, to select for mutants that are viable in the absence of phoU.
We selected colonies that grew after 2 to 4 days, and we identified
the sites of transposon insertion for 18 candidate suppressors (Fig.
6A). Two insertions mapped near vanR, the vanillate repressor
(which regulates phoU transcription in this strain), and one
mapped to cobT, a cobaltochelatase, which we did not indepen-
dently verify. Seven Tn5 insertions mapped to phoR or phoB, with
the remaining 8 insertions being distributed among the four com-
ponents of the pst system, i.e., pstSCAB.

To verify that mutations in both the pst and pho systems can
suppress the lethality of a phoU mutant, we independently trans-
duced the pstS::Tn5 allele and a �phoR mutation into the phoU
depletion strain. In both cases, the mutation introduced was epi-
static to the depletion of phoU. Cells depleted of PhoU and har-
boring a phoR deletion had a morphology similar to that of the
�phoR strain and no longer lost viability when shifted to medium
lacking vanillate (Fig. 6B and C). Similarly, pstS::Tn5 cells depleted
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of PhoU exhibited the long-stalk phenotype associated with pstS::
Tn5 and retained viability upon being shifted to medium without
vanillate. These findings confirm that mutations disrupting either
the PhoR-PhoB signaling pathway or the Pst transporter can sup-
press the lethality of PhoU depletion.

These genetic results corroborate our conclusion that PhoU is
not a negative regulator of the Pho regulon. If it were and the
lethality of phoU depletion were due to overexpression of the Pho
regulon, then our screen would have been predicted to identify
suppressor mutations in phoR and phoB but not in the pst genes,
because such mutations, like pstS::Tn5, dramatically upregulate
the Pho regulon (Fig. 3A and B). Instead, our results strongly
suggest that the lethality of a PhoU mutant is suppressed by re-
ducing the levels of the Pst transporter, which is achieved directly

by disrupting pst genes or indirectly by disrupting phoR or phoB,
genes that are required for expression of the pst genes (Fig. 1B and
5C). This model suggests that PhoU may participate in regulating
or metabolizing cellular pools of inorganic phosphate that are
taken up by the Pst system, such that, without PhoU, the inorganic
phosphate imported is inappropriately metabolized or perhaps
converted to a toxic form, leading to cell death. Alternatively, the
activity of the Pst transporter may be increased without PhoU and
cells may not tolerate the resulting excessive concentrations of
inorganic phosphate.

Intriguingly, we observed the formation of large intracellular
granules by phase microscopy after depletion of phoU (Fig. 7A);
the granules may be comprised of polyphosphate (36). To test
whether the intracellular granules observed are in fact composed

FIG 5 Depleting PhoU does not produce the same gene expression changes seen in a pstS mutant. (A) Expression changes after depletion of PhoU for 2, 5, 7, and
16 h. Expression values are the averages of results from two replicates. Genes upregulated at least 2-fold in the pstS::Tn5 strain are shown. Green, direct PhoB
targets, as determined by ChIP-Seq. The genes labeled are those that were �2-fold upregulated in the phoU depletion strain at the 7-h time point and found to
be direct PhoB targets. (B) Venn diagrams indicating the numbers of genes whose expression changed at least 2-fold, compared to their expression in the wild
type, in the pstS::Tn5 strain or in the phoU depletion strain after 7 or 16 h of depletion. (C) Expression changes in a PhoU depletion strain harboring the
suppressor mutation pstS::Tn5. Data are for the same genes shown in panel A. Numbers of hours after the removal of vanillate are indicated. (D) �-Galactosidase
assay of PpstC-lacZ and PpstS-lacZ reporter expression after PhoU depletion in PYE. wt, wild type. Data points indicate the averages from three independent
replicates, with error bars representing the SD.
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of polyphosphate, we used fluorescence microscopy. When stained
with DAPI, polyphosphate granules fluoresce green, while DNA
fluoresces blue, and an appropriate filter set can discriminate be-
tween polyphosphate and nucleic acids (37). We found that, when
grown in rich medium in the absence of vanillate, the phoU deple-
tion strain indeed accumulated large stores of concentrated
polyphosphate, visible as bright foci in most cells after 9 h (Fig. 7A,
top) and as large extended structures after 22 h (Fig. 7A, bottom).
In the presence of vanillate, little intracellular polyphosphate ac-
cumulation was observed with DAPI staining. Under these growth
conditions, foci were rarely seen in the wild type and, when pres-
ent, were substantially smaller than those seen following PhoU
depletion. These results are consistent with a model in which the
uptake of inorganic phosphate is unregulated in cells lacking
PhoU, leading to the accumulation of large cytoplasmic pools of
polyphosphate.

We also asked whether the polyphosphate accumulation ob-
served was responsible for the lethality of the phoU depletion mu-
tant. If this were the case, then decreasing the levels of polyphos-
phate should restore viability. In Caulobacter, two genes, i.e., ppk1
and ppk2, are responsible for polyphosphate synthesis (38). We
therefore deleted ppk1 and ppk2 in the phoU depletion strain and
assayed the levels of polyphosphate using DAPI staining. These
cells were largely devoid of polyphosphate foci, even after deple-
tion of PhoU for 22 h, as expected (Fig. 7A). However, despite the
absence of polyphosphate granules, cells lacking ppk1 and ppk2
and depleted of PhoU still lost viability, like the phoU depletion
strain alone (Fig. 7B). These results suggest that the polyphos-
phate granules seen in the phoU depletion strain do not contribute
significantly to cell death but reflect the fact that the cells likely
have imported excessive levels of inorganic phosphate. The latter
idea is consistent with the results of our suppressor screen, indi-
cating that the lethality of a phoU mutant can be rescued by mu-
tations that reduce the expression of the high-affinity Pst trans-
porter and presumably prevent an accumulation of cellular
inorganic phosphate. Collectively, our data suggest that PhoU is
not a negative regulator of PhoR and instead regulates phosphate
uptake, such that cells depleted of PhoU accumulate excessively
high levels of inorganic phosphate.

DISCUSSION

Two-component signaling systems are one of the predominant
forms of signal transduction in bacteria. Although these systems
employ a variety of output mechanisms, most use a response reg-
ulator to enact a transcriptional response (39). However, for the
vast majority of response regulators, the regulons remain unchar-
acterized or incompletely defined. Here we used global expression
studies and ChIP-Seq to create a high-resolution map of PhoB
targets in Caulobacter crescentus under both phosphate-limited
and phosphate-replete conditions. Our results support a model in
which phosphate limitation leads to the phosphorylation of PhoB,
which enables it to bind and to regulate target genes. We found
that PhoB directly activated more than 30 genes following phos-
phate starvation (Fig. 3B), with at least 90 other genes being indi-
rectly activated by PhoB. We also found that PhoB negatively reg-
ulates gene expression, with microarray analysis indicating that 11
PhoB targets are likely directly repressed by PhoB (Fig. 3B).

PhoB regulates a different set of genes in Caulobacter than in
E. coli. A recent ChIP-chip-based study of the Pho regulon in E.
coli (11) enables a comparison of the PhoB regulons in Caulobac-

ter and E. coli. We find that the set of genes regulated by PhoB in
Caulobacter differs substantially from that regulated in E. coli, in-
dicating that, although the upstream signaling pathway is highly
conserved, the output regulon has likely been tailored to each
organism’s individual needs and ecological niche. Of the 43 genes
comprising the Caulobacter Pho regulon, we could identify a re-
ciprocal best BLAST hit in E. coli for only 8 (see Table S3 in the
supplemental material). Of those 8 genes, only 3 are members of
the E. coli Pho regulon, including phoB itself, the pst operon, and
the phosphonate (phn) transport system operon. The minimal
overlap of the PhoB regulons in Caulobacter and E. coli may reflect
differences in the ways in which genes were identified as PhoB
targets, although this is unlikely to explain the lack of overlap
entirely. In some cases, there may also be different genes in the two
organisms that fulfill similar functions, particularly as both regu-
lons encode a number of transport-related proteins. However, it
generally appears that the two organisms have evolved fundamen-
tally different Pho regulons. Some of the differences in the Caulo-
bacter PhoB regulon relative to that of E. coli presumably account
for their different physiological responses, most notably the stalk
elongation that is a hallmark of phosphate-starved Caulobacter.
Which genes are responsible for stalk elongation is not yet clear,
but the delineation of the PhoB regulon may help guide future
efforts to identify them.

PhoU does not regulate PhoR activity in Caulobacter and in-
stead likely regulates phosphate metabolism. Although the
PhoR-PhoB signaling pathway is highly conserved throughout the
bacterial kingdom and has been studied for decades, the mecha-
nism by which the histidine kinase PhoR senses changes in extra-
cellular phosphate levels has remained unclear. PhoU has been
suggested to couple the Pst transporter to the histidine kinase
PhoR, inhibiting PhoR when flux through the transporter is high
(1). However, our results strongly suggest that PhoU does not
function in this manner, at least in Caulobacter, because depletion
of PhoU did not phenocopy a pstS mutation, which leads to hy-
peractivity of the PhoR-PhoB pathway. It is formally possible that
PhoU has two functions, one that is essential for viability and a
second that involves regulating the PhoR-PhoB pathway; if the
depletion of PhoU affects the essential function first, then this
could, in principle, mask effects on the PhoR-PhoB pathway.
However, such a model would require that PhoU be capable of
regulating PhoR-PhoB at extremely low levels, as many of the gene
expression effects of PhoR hyperactivation were not seen after
depletion of PhoU for 16 h. Even if PhoU were a stable protein, its
levels should be 	1% after 16 h due to dilution, given that the
phoU depletion strain continued to grow at a rate comparable to
that of the wild-type strain for �10 to 14 h.

Our genetic data indicate that the lethality of PhoU depletion
can be rescued by mutations that block phosphate uptake, includ-
ing disruptions of the genes that encode the high-affinity phos-
phate transporter system PstSCAB or the signaling proteins PhoR
and PhoB, which stimulate expression of the transport system
(Fig. 8). We can envision two general models for PhoU function,
i.e., that (i) PhoU negatively regulates the phosphate import ac-
tivity of the Pst transporter or (ii) PhoU regulates intracellular
phosphate metabolism. We could not detect changes in radioac-
tive phosphate uptake rates in the phoU depletion strain (data not
shown). However, the phosphate uptake assay may not detect sub-
tle differences that, over the extended period of a phoU depletion
time course (Fig. 4), lead to significant differences in intracellular
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phosphate levels. Studies of E. coli have produced inconsistent
results, as phoU mutants have been reported to have little effect on
phosphate import (18), to increase phosphate import (21), and to
reduce phosphate import (22). Whether PhoU affects phosphate
uptake or metabolism, cell death likely results from an excessive
accumulation of intracellular phosphate or other metabolites that
accumulate in a phosphate-dependent manner, explaining why
mutations that prevent the expression or activity of the Pst trans-
porter, and hence slow the import of phosphate, restore viability.
Additionally, we found that Caulobacter cells accumulated large
polyphosphate granules following PhoU depletion (Fig. 7), as also
seen in other organisms (36). The presence of these granules after
PhoU depletion is consistent with a defect in the regulation of
phosphate uptake. However, polyphosphate granules are not the
underlying cause of cell death in the absence of PhoU, because
deletion of ppk1 and ppk2 did not restore viability to the phoU
mutant. Instead, only mutations that resulted in the loss of the
phosphate transporter or the genes (phoR and phoB) that drive its
expression rescued phoU (Fig. 6). Thus, we favor a model in which
PhoU regulates the Pst transporter to prevent the toxic accumu-
lation of inorganic phosphate or a phosphate-derived metabolite
(Fig. 8). In either case, our results strongly support the conclusion
that PhoU does not couple the Pst system to the histidine kinase
PhoR, as is commonly asserted.

Concluding remarks. We have characterized both the tran-
scriptional output enacted in response to phosphate limitation
and the signaling pathway that regulates it in Caulobacter crescen-
tus. We have shown that PhoU does not act as a negative regulator
of the Pho regulon but that it is a critical player in cellular phos-
phate metabolism, a role that is likely to be conserved, given the

wide conservation of phoU. We have also identified the genes that
PhoB regulates in response to phosphate limitation in Caulobacter
crescentus; these genes show little similarity to the set of PhoB-
regulated genes in E. coli, highlighting the flexibility and dynamics
of transcriptional networks in bacteria. The delineation of the
Caulobacter Pho regulon will enable a better understanding of
how bacteria respond to phosphate limitation, including how the
synthesis of a polar organelle, such as the stalk, is regulated.
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